Three types of caseinolytic proteases (Pase-A, Pase-B, and Pase-C) were isolated and purified from culture supernatants of Porphyromonas gingivalis 381 by the combined procedures of acetone precipitation, gel filtration, solubilization with octylthioglucoside followed by affinity chromatography on arginine-Sepharose 4B, high-performance liquid chromatography (HPLC) on Biofine IEC-DEAE, and HPLC on TSK-G4000SW. By sodium dodecyl sulfate-polyacrylamide gel electrophoresis, Pase-A and -B showed diffuse protein bands of 105 to 110 and 72 to 80 kDa, respectively, and Pase-C showed a clear band of about 44 kDa. Pase-B and -C hydrolyzed some synthetic substrates for trypsin, but Pase-B did not act on the carboxyl side of lysine in insulin chain B or on a synthetic substrate which trypsin and Pase-C acted on. Pase-A did not act on the synthetic substrates but cleaved the peptide bonds Glu-Ala and Ala-Leu of insulin. Leupeptin inhibition of the caseinolytic activity of both Pase-A and -B was similar to its inhibition of Pase-C. Phenylmethylsulfonyl fluoride and diisopropyl fluorophosphate strongly inhibited Pase-A, but no significant effect on the other enzymes was observed, suggesting that only Pase-A is a serine protease. The inhibitory characteristics of Pase-B and -C were very similar. Pase-A was not thiol dependent for enzyme activity, but Pase-B was strongly dependent, i.e., even more so than Pase-C. Pase-A inactivated the inhibitory activity of plasma alpha-l-antitrypsin, but the other two did not. These results show that P. gingivalis produces different types of proteases other than the trypsinlike protease generally reported.
Proteases produced by black-pigmented Bacteroides species may play an important role in the development of periodontal disease as they have the potential to destroy periodontal tissues (16, 17) . In the past decade, a number of reports concerning the proteolytic enzymes produced by Porphyromonas gingivalis (formerly Bacteroides gingivalis) in bacterial cells (9, 15, 27, 32, 33) and culture supernatants (6, 7, 19, 23, 25) have been published. Among these enzymes, a protease, which has been reported as a trypsinlike protease because it has the same specificity for synthetic substrate as trypsin, has been extensively studied as a possible pathogen of adult periodontitis, since the enzyme hydrolyzes several naturally occurring proteins which were associated with host defense mechanisms as well as ones involved in periodontal constituents (4, 21, 26, 27) . Also, P. gingivalis is the only species in oral anaerobes which produces this enzyme. Besides this trypsinlike protease, other kinds of proteases including several peptidases and a collagenase have also been reported in P. gingivalis species (2, 9, 29, 30) . Our previous study has indicated that the caseinolytic protease produced by P. gingivalis 381 contains at least three types of enzymes (19) . However, there have been few studies on proteases other than the trypsinlike one. The pathogenicity of P. gingivalis may be affected not only by the action of this trypsinlike enzyme but also by the mutual effects of other proteases.
In this study we describe the sequential procedures of differential isolation and purification of the caseinolytic proteases from culture supernatants of P. gingivalis. Special attention is focused on the comparison of enzyme characteristics among these proteases, especially on the mechanisms of cleavage of a linear model protein, insulin chain B.
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When synthetic p-nitroanilide derivatives such as Nabenzoyl-DL-arginine p-nitroanilide (BApNA), Noa-benzoyl-DL-lysine p-nitroanilide (BLpNA) , N-benzoyl-L-tyrosine p-nitroanilide (BTpNA), N-succinyl-L-alanyl-L-alanyl-L-alanine p-nitroanilide [Suc(Ala)3 pNA], N-benzoyl-prolyl-phenylalanyl-arginine p-nitroanilide (Pro-Phe-Arg pNA), and glycyl-proline p-nitroanilide (Gly-Pro pNA) were used as substrates, 1.5 ml of the reaction mixture consisted of 1.2-ml aliquots of 0.1 M Tris HCl buffer (pH 7.4) containing 2.5 mM of DTT, an 0.1-ml aliquot of 10 mM substrate, and 0.2 ml of enzyme solution. After the mixture was incubated for 30 min at 37°C, the reaction was stopped by the addition of 0.5 ml of 4 M acetic acid, and the amount of released p-nitroaniline was determined by the method of Erlanger et al. (5) . When N-carbobenzoyl-glycyl-glycyl-L-arginine 1-naphthylamide (N-CBz-Gly-Gly-Arg P-NA) was used as the substrate, the hydrolytic activity was measured by the method of Suido et al. (29) Differential purification of three proteases. Unless stated otherwise, all procedures including centrifugation were carried out at 4°C, and the protease activity was measured using bovine casein as the substrate. Proteins in the eluates from column chromatography were monitored by A280.
(i) Preparation of cell-free culture supernatants. Approximately 200 ml of preculture of P. gingivalis 381 which had been cultivated to the early stationary phase in the anaerobic brain heart infusion broth described above was transferred into 2,000 ml of the same broth used for the preculture and cultivated anaerobically at 37°C to stationary phase. In a preliminary experiment on the time course for 30 h, the caseinolytic protease production was almost proportional to the bacterial growth. The culture was harvested at 24 h and then centrifuged at 10,000 x g for 20 min, and the supernatant was collected for use in the following experiments.
(ii) Acetone precipitation. Acetone, which had been chilled at -20°C, was added to the culture supernatant (1,950 ml) gradually by gentle stirring to a final concentration of 60%.
After standing for 30 min at below -2°C, the suspension was centrifuged at 10,000 x g for 30 min at -10°C. The resulting precipitate was dissolved in 0.1 M Tris HCl buffer (pH 7.4) and dialyzed overnight against the same buffer.
(iii) Gel filtration. The dialyzed sample was concentrated by ultrafiltration using a holofiber membrane (Minimodule, model NM-3; Asahikasei Co., Tokyo, Japan) and applied to a Sepharose CL-6B gel column (5 by 100 cm) which had been equilibrated with the buffer described above. The flow rate was adjusted to 30 ml/h, and 15-ml fractions were obtained. Caseinolytic activity was found in fractions collected from near the void volume. (20 ,ug) was applied to SDS-PAGE. Therefore, the following studies on the caseinolytic enzymes of P. gingivalis were performed with strain 381.
Isolation and purification of proteases. The isolation and differential purification of proteases from the cell-free culture supernatants of P. gingivalis 381 are summarized in Table 1 . By affinity chromatography on arginine-Sepharose 4B, caseinolytic enzyme was divided into two fractions, one which was absorbed (Pase-C) and the other which was not absorbed. The unabsorbed caseinolytic enzyme was further divided into two active fractions by HPLC on a Biofine IEC-DEAE column. The first enzyme fraction (Pase-A) was eluted with the buffer at approximately 0.05 M NaCl, and the second fraction (Pase-B), was eluted at about 0.14 M NaCl.
As Pase-A and -B still showed a lack of homogeneity on SDS-PAGE, they were further purified by HPLC on TSK-G4000SW and Biofine IEC-DEAE. Finally, as shown in Table 1 , three kinds of caseinolytic proteases (Pase-A, -B, and -C) were obtained and purified with high yields of 14, 13, and 15%, and the specific activities were increased to 405, 448, and 163 U/mg of protein and by 1,200-, 1,300-and 480-fold, respectively. However, the major purification occurred in the first step, acetone precipitation, that separated proteins from the peptides in the complex growth medium. Therefore, when the acetone precipitation sample was set as 1-fold purified, the activities of Pase-A, -B, and -C were increased by 10.7-, 11.9-, and 4.3-fold, respectively. Homogeneity on SDS-PAGE. As shown in Fig. 1 , both Pase-A and -B were diffuse bands with different mobilities (105 to 110 and 72 to 80 kDa) on SDS-PAGE (lanes 2 and 3). In addition, Pase-B showed another weak but sharp band just above the 30-kDa band which when compared with the result on the zymogram, as shown in Fig. 2 , might be shown to be a contamination with another protein. Pase-C gave one clear band (44 kDa) and a couple of weak bands (lane 4). The result indicated that Pase-A was electrophoretically homogeneous. The caseinolytic profiles of these purified proteases were observed on the zymogram (Fig. 2) . For this experiment, the same amount of enzymes for caseinolysis (0.15 U) was applied to the casein-conjugated SDS-polyacrylamide gel. When the purified enzyme samples were subjected to electrophoresis on the zymogram, the activity of Pase-A was not detected by this method (Fig. 2, lane 2) . Two caseinolytic bands which appeared on the zymogram of the acetone precipitate (Fig. 2, lane 1) were clearly separated as single bands, and they were confirmed as Pase-B and -C (Fig. 2, lanes 3 and 4) . M Tris HCl buffer (pH 7.4 to 9.0). Although data are not shown, all three proteases showed maximum activity for casein at the neutral pH range of 6.5 to 7.0 but maximum activity for synthetic substrates at 7.4 to 8.0.
Cleavage action of three types of proteases on substrates. Table 2 shows the hydrolytic specificity of the three purified proteases and mammalian trypsin (trypsin) on various synthetic substrates. Pase-A could not hydrolyze any synthetic substrate tested, whereas Pase-B acted only on those substrates which contained an arginine residue binding chromogen at the C terminus, such as BApNA, Pro-Phe-Arg pNA, and N-CBZ-Gly-Gly-Arg P-NA. Pase-C also acted on BLpNA in addition to the substrates hydrolyzed by Pase-B. Strong activity appeared for these substrates when DTT was added to the reaction mixture, and the activity of Pase-B increased much more than that of Pase-C. None of the purified enzyme samples acted on substrates for chymotrypsin and elastase.
The cleavage mechanisms of these proteases were also confirmed with a linear model protein using insulin chain B, in which the cleavage sites are well established and the amino acid sequence is known. As shown in the HPLC pattern of Fig. 3 , the sample of insulin chain B digested by trypsin consisted of three peptide fragments corresponding to Gly-23 to Lys-29, Gly-23 to Ala-30, and Phe-1 to Arg-22, indicating cleavage at Arg-22-Gly-23 and Lys-29-Ala-30. The sample digested by Pase-C yielded almost the same peptide fragments as those digested by trypsin. However, Pase-A digests showed different patterns; fragments arising from the cleavage of the same peptide bonds as trypsin were not determined. On the contrary, several fragments which suggested cleavage at Gln-4-His-5, Cys(SO3H)-7-Gly-8, Glu-13-Ala-14, and Ala-14-Leu-15 were found in the Pase-A digest (Fig. 4) a One unit of the enzyme was defined as the amount which released 1 ,±mol of chromogen per h under the specified conditions. When optical density was less than 0.01 under the specified conditions, activity was considered negligible (NG). Thiol dependence. Because it has been reported that the P. gingivalis protease is highly dependent on thiol group reagents such as cysteine, DTT, etc., dependence was determined for three purified caseinolytic enzymes by using DTT, cysteine, and 2-mercaptoethanol. As shown in Fig. 5 , the activities of both Pase-B and Pase-C were remarkably increased by thiol-group reagents. However, Pase-A was neither activated nor inhibited by the reagents tested. Among these reagents, DTT was the most effective for Pase-B and -C. Inhibition of caseinolytic activities of purified enzymes. Caseinolytic activity was measured in the presence of various protease inhibitors at the given concentrations (Table 3) in the reaction mixture. Substances used for this experiment were soybean trypsin inhibitor, p-tosyl-L-lysine chloromethyl ketone (TLCK), leupeptin, chymostatin, antipain, elastatinal, pepstatin, phosphoramidone, N-ethylmaleimide, p-chloromercuribenzoic acid, phenylmethylsulfonyl fluoride (PMSF), diisopropyl fluorophosphate, EDTA, SDS, alpha-1-antitrypsin (anti-Tr) and alpha-2-macroglobulin (MG2). Inhibition profiles of Pase-A were generally different from those of Pase-B and -C. PMSF almost completely inhibited Pase-A activity but did not affect the activity of Pase-B and -C. Also, diisopropyl fluorophosphate decreased Pase-A activity to 57% of control activity (no addition), but no decrease was found in Pase-B and -C activities. The caseinolytic activity of Pase-A was remarkably inhibited by 0.25% SDS in the reaction mixture, whereas Pase-B and -C retained 20 to 30% of the activity of the control. As expected, thiol-dependent enzymes Pase-B and -C were inhibited strongly by thiol blocking reagents such as N-ethyltnaleimide and p-chloromercuribenzoic acid, but Pase-A was not. TLCK at 1 mM decreased the activity of Pase-B and -C remarkably but that of Pase-A only slightly. All three proteases from P. gingivalis were resistant to soybean trypsin inhibitor, EDTA, and human plasma proteinase inhibitors such as anti-Tr and MG2. Among the microbial protease inhibitors, leupeptin and antipain possessed a powerful inhibitory effect on the activity of Pase-B and -C. Chymostatin and elastatinal also inhibited the activity of Pase-B and Phe-ValI-Asn-GI n-His-Lou-CystSOsH3-61y-Ser-Hi s-Lou-VaI-GI u-AI a-Lou-Tyr-Lau-Val-Cys[SO3H3-GIy-GI u-Ars-G1 Y-Phs-Pho-Tyr-Thr-Pro-Lys-AlIt -C. Pase-A was inhibited by leupeptin and to some degree by antipain. Pepstatin did not affect P. gingivalis proteases.
Effect of three P. gingivalis proteases on plasma proteinase inhibitors. Anti-Tr and MG2 are human plasma proteinase inhibitors. Figure 6 shows the SDS-PAGE pattern of MG2 (lanes 1 to 5) and anti-Tr (lanes 6 to 10) digests by the three purified P. gingivalis proteases. Prior to SDS-PAGE, the inhibitors were digested with each enzyme for 2 h at 37°C. A 200-,ul volume of the reaction mixture consisted of 50 ,ug of inhibitor and 0.5 caseinolytic units of enzyme sample in 0.1 M sodium phosphate buffer (pH 6.5). After digestion, the mixture was freeze-dried, and the appropriate amount of sample was subjected to SDS-PAGE. As shown in the figure, Pase-B and -C completely digested the main protein of MG2, but Pase-A did not. On the contrary, only Pase-A exhibited strong activity on anti-Tr. Therefore, the effect of Pase-A on the inhibitory activity of anti-Tr for trypsin was determined. For this experiment, trypsin activity was determined by using BApNA as the substrate because casein hydrolysates interfered with the determination of the activity. As a natural consequence, the activity of trypsin was strongly inhibited by anti-Tr. However, when anti-Tr was incubated with Pase- A at 37°C for 30 min prior to the reaction with trypsin, the inhibitory activity of anti-Tr was completely diminished.
DISCUSSION
Although there are many studies on the proteases of P. gingivalis, little attention has been given to proteases other than the trypsinlike enzyme. Our previous study (19) (Pase-A) on the zymogram was its complete inhibition by the SDS used in the electrophoresis, which was determined later (Table 3) . We attempted PAGE without SDS on caseinconjugated polyacrylamide, but the procedure was fairly unsuccessful. Pase-B and -C possessed similar but different intensities of affinity to arginine. However, it is very clear by the zymogram of crude acetone extract that Pase-B and -C were completely different enzymes. Taking advantage of the different intensities of affinity to arginine-Sepharose 4B, Pase-B and -C were successfully separated from each other by using a high concentration of Tris HCI buffer for affinity absorption. Because the enzyme protein had a strong coaggregative property, OTG at a concentration of 0.6% was added prior to the affinity chromatography. This procedure might be useful not only in avoiding the coaggregation of the enzyme protein but also in solubilizing the proteolytic activity from the outer membrane vesicles which might be recovered in the active fraction from the gel filtration on Sepharose CL-6B and to which the enzyme might be bound as previously reported (8, 25) .
On the determination of the molecular size of Pase-C, there appeared to be no correspondence between the bands in the zymogram and by regular SDS-PAGE. This discrepancy could have occurred because of the different pretreatments of the protease samples for the respective electrophoreses. The enzyme for the zymogram should be active; therefore, mild pretreatment of the enzyme with SDS is needed. However, for the molecular weight estimation by SDS-PAGE, the enzyme was pretreated by being boiled with SDS and 2-mercaptoethanol. By this treatment, Pase-C seemed to be divided into subunits, and the molecule became small.
Cleavage action of mammalian trypsin on synthetic substrates and the linear protein model demonstrated that the carboxyl sides of both arginine and lysine in the peptide bonds were specifically cleaved, which was completely consistent with studies previously described (4, 20) . Pase-A split completely different peptide bonds from those cleaved by trypsin. Both Pase-B and Pase-C acted on the carboxyl side of the arginine residue in either the synthetic substrate or the insulin chain B similar to the way trypsin did, but only Pase-C cleaved the carboxyl side of lysine. Estimating from the result of the cleavage specificity, Pase-C appeared to be similar to the protease studied previously, which was the important trypsinlike enzyme unique to periodontopathogenic Bacteroides spp. on reduced egg white lysozyme (4) .
Strong thiol dependency and inhibition by several protease inhibitors of Pase-B and -C clearly indicated that these enzymes were thiol proteases. However, Pase-A was not affected by any thiol reagents and was inhibited remarkably only by diisopropyl fluorophosphate and PMSF, suggesting a serine protease. None of the purified enzymes were affected by phosphoramidone, a metalloprotease inhibitor. The inhibition of P. gingivalis proteases by thiol blocking reagents has been shown by many investigators, especially for the trypsinlike protease (6, 7, 23, 24) . With regard to the inhibition profile of the P. gingivalis enzyme by PMSF, there is some disagreement on the present data and that so far reported. Remarkable inhibition of P. gingivalis protease by PMSF was reported by Sorsa et al. (27) and Grenier and McBride (9) for a partially purified 35-kDa trypsinlike protease and glycylprolyl protease, respectively. Some disaccord on the inhibitory study may result from the different strains of the enzyme source or an impurity in the enzyme sample.
Pase-B and -C were very similar and resembled the P.
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on November 6, 2017 by guest http://iai.asm.org/ Downloaded from THREE TYPES OF PROTEASES FROM P. GINGIVALIS 3067 gingivalis protease previously described as trypsinlike in terms of their molecular size, thiol dependency, substrate specificity, and inhibition profile by several protease inhibitors (7, 26, 27, 32) . It seemed as if these were just two forms of the same protease. However, there is a fundamental difference in Pase-C; that is, this enzyme is clearly a thiol protease which is different from trypsin, a serine protease. The results indicated that only Pase-C was trypsinlike in terms of cleavage specificity. Pase-B has a much stronger similarity to clostripain, which is a thiol protease and possesses specificity only for arginine residues (18) . It is of interest that proteases from P. gingivalis acted differently on the plasma proteinase inhibitors anti-Tr and MG2. The role of these inhibitors in host defense against tissue-invading bacteria is known (12, 28) . Carlsson et al. (3) have reported and discussed the degradation of these plasma inhibitors by P. gingivalis, which might occur because of the same enzymes that split BApNA. However, very few details are known. In the present study, we demonstrated that three proteases from P. gingivalis played different roles in the degradation of plasma proteinase inhibitors. In order for MG2 to act, Barrett and Starkey (1) have proposed the so-called "bait region" theory; that is, it is essential that MG2 be split by the proteinase at peptide bonds in the "bait region," and this split is followed by the exposure and spontaneous cleavage of "internal thiolesters." However, in the case of P. gingivalis proteases, it is suggested that MG2 is split by Pase-B and -C into fragments too small for them to trap the enzyme and does not become involved in any inhibitions. It is noted that the inhibitory activities of anti-Tr and MG2 are inactivated by the different types of proteases of P. gingivalis but that their enzyme activities are not affected. These results suggest that all three proteases from P. gingivalis are differently concerned with periodontopathogenesis not only in degrading periodontal tissues but also in decreasing host defense capacity.
